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Summary
Background: Axon migrations are guided by extracellu-
lar cues that can act as repellants or attractants. How-
ever, the logic underlying the manner through which at-
tractive and repulsive responses are determined is
unclear. Many extracellular guidance cues, and the cel-
lular components that mediate their signals, have been
implicated in both types of responses.
Results: Genetic analyses indicate that MIG-10/RIAM/
lamellipodin, a cytoplasmic adaptor protein, functions
downstream of the attractive guidance cue UNC-6/
netrin and the repulsive guidance cue SLT-1/slit to direct
the ventral migration of the AVM and PVM axons in
C. elegans. Furthermore, overexpression of MIG-10 in
the absence of UNC-6 and SLT-1 induces a multipolar
phenotype with undirected outgrowths. Addition of
either UNC-6 or SLT-1 causes the neurons to become
monopolar. Moreover, the ability of UNC-6 or SLT-1 to
direct the axon ventrally is enhanced by the MIG-10
overexpression. We also demonstrate that an interac-
tion between MIG-10 and UNC-34, a protein that pro-
motes actin-filament extension, is important in the re-
sponse to guidance cues and that MIG-10 colocalizes
with actin in cultured cells, where it can induce the for-
mation of lamellipodia.
Conclusions: We conclude that MIG-10 mediates the
guidance of AVM and PVM axons in response to the ex-
tracellular UNC-6 and SLT-1 guidance cues. The attrac-
tive and repulsive guidance cues orient MIG-10-depen-
dant axon outgrowth to cause a directional response.
Introduction
Migrating axons in the developing nervous system are
guided by phylogenetically conserved extracellular
cues, including members of the UNC-6/netrin, slit, sem-
aphorin, and ephrin families [1]. Guidance cues such as
*Correspondence: quinncc@umdnj.edu (C.C.Q.); william.wadsworth@
umdnj.edu (W.G.W.)netrin and slit can promote axon outgrowth and can
function as attractants or repellents to direct axons to
their targets. A number of intracellular signaling path-
ways have been implicated in an axon’s response to
guidance cues [2]. The signals generated by the cues ul-
timately control the cytoskeletal dynamics of the axonal
growth cone, regulating localized F-actin-based protru-
sion activity. In general, models of axonal guidance pre-
dict that extracellular cues control the direction of out-
growth by stimulating or inhibiting outgrowth activity;
growth-cone actin polymerization is more strongly pro-
moted nearest the source of an attractive cue, whereas
repulsive cues inhibit actin polymerization or cause ac-
tin depolymerization. However, it has been difficult to di-
rectly test these models by studying the relationship be-
tween attractive and repulsive responses and the
process of axon outgrowth. In part, this is because there
are few instances where attraction, repulsion, and out-
growth activities can be individually manipulated and
the effects observed on neurons.
The influence of attractive and repulsive guidance
cues has been studied by using the migration of the
AVM axon in C. elegans [3–7]. The AVM axon is guided
toward the ventral nerve cord in response to the SLT-1
repellent, which is secreted from dorsal sources, and
the UNC-6 attractant, which is secreted from ventral
sources (Figure 1A). We find that MIG-10 functions
downstream of UNC-6 and SLT-1 to help mediate guid-
ance, but that overexpression of MIG-10 in the absence
of UNC-6 and SLT-1 causes a multipolar phenotype with
excessive outgrowth. This allows us to observe the ef-
fects of the attractive and repulsive guidance cues on
the outgrowth activity mediated by MIG-10. We report
that the introduction of either guidance cue suppresses
the multipolar phenotype. Furthermore, the ventral guid-
ance of the single axon by either UNC-6 or SLT-1 is en-
hanced by the overexpression of MIG-10. These find-
ings suggest that the guidance cues can orient the
direction of MIG-10 outgrowth activity to steer axon mi-
grations. We propose a model where guidance cues
may induce polarity changes that spatially limit MIG-10
outgrowth-promoting activity to promote attractive
and repulsive guidance.
Results
MIG-10 is a cytoplasmic adaptor protein that has been
implicated in anteriorposterior neuronal migrations [8,
9]. The mig-10 gene produces two transcripts, encoding
two isoforms, MIG-10A and MIG-10B [9]. To character-
ize the expression of each of these isoforms, we fused
4 kb of DNA upstream of the start codon of each isoform
in-frame with GFP (Figure 1B). These GFP fusion con-
structs were used to create transgenic lines, allowing
the expression pattern of each isoform to be visualized.
The mig-10a::gfp construct was expressed in the phar-
ynx and a subset of neurons including AVM, PVM,
ALM, and CAN (Figure 1C). The mig-10b::gfp construct
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846Figure 1. Neuron Positions and the Expression of MIG-10 Isoforms
(A) Summary of the positions of AVM and PVM relative to the sources of UNC-6 and SLT-1. For the circumferential migration, each axon is si-
multaneously attracted toward the UNC-6 sources (ventral epidermal cells and ventral nerve-cord neurons) and repelled away from SLT-1 sour-
ces (dorsal sublateral body-wall muscles).
(B) Schematic of the mig-10 gene structure and the transcriptional GFP fusion constructs for mig-10a and mig-10b. The mig-10 gene includes
two alternative translational start sites that produce two transcripts, mig-10a and mig-10b [9]. Four kilobases of sequence upstream of each
translational start site was fused to GFP to produce the mig-10a::gfp and mig-10b::gfp transcriptional fusion constructs.
(C) Photomicrographs of L4-stage animals showing mig-10a::gfp transgene expression in the pharynx, in the vulva, and in a subset of neurons
including the ALM, CAN, AVM, and PVM.
(D) Photomicrographs of mig-10b::gfp transgene expression in six head neurons (L2 stage shown) and in the intestine (L1 stage shown). Expres-
sion was not detected in AVM or PVM. Scale bars represent 20 mm.was expressed in six head neurons and in the intestine
(Figure 1D).
The above results suggest that MIG-10A is expressed
in AVM and PVM, each of which is normally monopolar
with a single ventrally directed axon. In the absence of
UNC-6 or SLT-1, some of these axons fail to migrate
ventrally and make a lateral migration instead (Fig-
ure 2D). In the absence of both UNC-6 and SLT-1, nearly
all of these axons fail to migrate ventrally and extend
a single lateral axon [6]. To examine the effects of
MIG-10 on axon growth, we overexpressed MIG-10A in
the six touch neurons by using a mec-4::mig10a trans-
gene. In the absence of both UNC-6 and SLT-1, overex-
pression of MIG-10A induced a multipolar phenotype in
25% of the AVM and 50% of the PVM neurons (Figures
2A–2C); as in unc-6; slt-1 double null mutants without
MIG-10A overexpression, the AVM and PVM axons
rarely reach the ventral nerve cord. By contrast, expres-
sion of GFP with amec-4::gfp transgene did not produce
any multipolar neurons (data not shown). When the same
mec-4::mig10a transgene was used to overexpress
MIG-10A in the presence of either UNC-6 or SLT, the
multipolar phenotype was suppressed and most axons
extended a single ventrally directed axon (Figures 2B–
2C). Furthermore, the ventral guidance in response to
either UNC-6 or SLT-1 is enhanced relative to neurons
that are not overexpressing MIG-10 (Figures 2E and
2F). For example, the AVM axon failed to migrate ven-
trally in response to UNC-6 in 39% of the neurons, but
overexpression of MIG-10 reduced guidance errors to
19%. Likewise, the AVM axon failed to migrate ventrally
in response to SLT-1 in 33% of the neurons, butoverexpression of MIG-10 reduced guidance errors to
16%. Similar results were also obtained with a mec-
3::mig10a transgene (Figure S1 in the Supplemental
Data available online), which is also expressed in the
AVM and PVM neurons and can rescue axon-guidance
defects in mig-10(ct41); unc-6(ev400) mutants (Fig-
ure S3). In contrast, a dpy-7::mig-10a transgene, which
is expressed in the hypodermis, had no effect on guid-
ance (Figure S2). Together, our data suggest that MIG-
10A can mediate an outgrowth-promoting activity that
does not require UNC-6 or SLT-1. However, UNC-6
and SLT-1 can polarize this outgrowth activity to pro-
mote ventrally directed outgrowth.
The gain-of-function analysis allowed us to examine
the effect of attractive and repulsive guidance cues on
polarity and process outgrowth. We also show by anal-
ysis of double mutants that endogenous MIG-10 acts
downstream of UNC-6 and SLT-1 to direct AVM and
PVM axon migrations. For both AVM and PVM, double
slt-1, unc-6 mutations cause a loss of ventral guidance.
In slt-1, unc-6 double mutants, we observed a 94% pen-
etrant defect in AVM ventral-axon migrations (which is
consistent with earlier reports [5]) and a 95% penetrant
defect in PVM ventral-axon migrations (Figures 3A and
3B). The ability of each cue by itself to mediate ventral
guidance was also examined. For AVM and PVM axon
migrations in unc-6 null mutants, there was a 33% and
34% penetrant defect, respectively, indicating that
SLT-1 can provide significant guidance information
alone. For AVM and PVM axon migrations in slt-1null mu-
tants, there was a 39% and 0.8% penetrant defect, re-
spectively, indicating that UNC-6 can provide significant
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847Figure 2. MIG-10 Overexpression Induces an Outgrowth Activity that Is Regulated by UNC-6 and SLT-1
(A) Photomicrograph of PVM neuron in a slt-1, unc-6 double mutant, with two processes growing out of the cell body. Scale bar represents 20 mm.
(B) Overexpression of MIG-10A results in the growth of multiple processes from the AVM cell body; however, this phenotype is suppressed in the
presence of either UNC-6 or SLT-1.
(C) Overexpression of MIG-10A results in the growth of multiple processes from the PVM cell body; however, this phenotype is suppressed in the
presence of either UNC-6 or SLT-1.
(D) Photomicrographs of the AVM and PVM axons in L4-stage wild-type animals and unc-6 loss-of-function mutants. In unc-6 mutants, the axons
migrate anteriorly, but can fail to migrate ventrally. Similar defects are seen in slt-1 mutants (photos not shown). Scale bars represents 20 mm.
(E) Overexpression of MIG-10A in AVM reduces guidance errors in the unc-6 and slt-1 mutant backgrounds.
(F) Overexpression of MIG-10A in the PVM reduces guidance errors in the unc-6 mutant background.
The mec-4::mig-10a transgene was produced by coinjection with flp-20::gfp, allowing the presence of the array to be tracked at the cellular level.
This single transgene was then crossed into the appropriate genetic backgrounds. For (B) and (C), three groups (50 animals/group) were ana-
lyzed for each strain. Asterisks indicate that the multipolar phenotype is significantly more prevalent in double mutants relative to single mutants
or wild-type (ANOVA and Tukey HSD test; p < 0.05). For (E) and (F), three groups (50 animals/group) were analyzed for each strain. Error bars
indicate standard error of the mean (SEM). Asterisks indicate that defects were significantly less prevalent inmec-4::mig-10a transgenics relative
to the same genotype without the transgene (ANOVA and Tukey HSD test; p < 0.01).guidance information for AVM and is sufficient by itself to
guide nearly all PVM axons.
We examined the AVM and PVM axon migrations in
unc-6 and slt-1 null mutants containing mig-10(ct41).
This mig-10 mutation behaves as a null in gene dosage
experiments, and it produces an early stop codon [8,
9]. Although no ventral guidance defects were observed
in mig-10 single mutants, we found that loss of mig-10
function can enhance defects associated with the loss
of unc-6 or slt-1 function. Thus, in mig-10; unc-6 double
mutants, there was a 57% penetrant defect for AVM and
an 89% penetrant defect for PVM (Figures 3C and 3D). In
mig-10; slt-1 double mutants, there was a 35% pene-
trant defect for AVM and an 18% penetrant defect for
PVM. Because the ventral guidance of these axons ap-
pears to depend only on the directional information im-
parted by the UNC-6 and SLT-1 cues, the enhancement
of ventral-guidance defects by the double mutations
when compared to the defects caused by the single mu-
tations suggests that mig-10 functions downstream of
both unc-6 and slt-1 to guide AVM and PVM axons.UNC-34, a C. elegans homolog of the Ena/VASP pro-
teins, has been implicated downstream of UNC-6/netrin
and SLT-1/slit [6, 7, 10–12]. To test for a functional rela-
tionship between UNC-34 and MIG-10 in axon guidance,
we made double mutants with mig-10(ct41) and unc-
34(e566), predicted null alleles. The mig-10(ct41); unc-
34(e566) phenotype is lethal in the first larval stage,
precluding an analysis of the AVM and PVM axon migra-
tions. However, we found that if the dosage of mig-10 is
reduced, there is an enhancement of the axon-guidance
defects associated with loss of unc-34 (Figures 4A and
4B). For example, in PVM ventral axon guidance, unc-
34 mutants exhibited 4% defects, whereas unc-34 mu-
tants that are also heterozygous for mig-10 exhibited
26% defects. This type of interaction is referred to as
dominant enhancement and is often observed when
two genes function in a common process [11].
UNC-34 contains an EVH1 domain that is predicted
to bind to EVH1 consensus binding sites. Because
MIG-10 contains a single putative EVH1 binding site in
its N-terminal region, we tested the ability of MIG-10 to
Current Biology
848Figure 3. MIG-10 Functions Downstream of
UNC-6 and SLT-1
(A) Loss of slt-1 or unc-6 function in the AVM
results in a partial loss of guidance, whereas
loss of both results in a complete loss of guid-
ance. Asterisk indicates ventral-guidance de-
fects significantly greater than in single mu-
tants.
(B) The PVM ventral axon migration is guided
by UNC-6 and SLT-1, but UNC-6 can com-
pletely compensate for loss of slt-1 function.
Asterisk indicates ventral-guidance defects
significantly greater than in single mutants.
(C) Loss of mig-10 function enhances AVM
ventral-guidance defects in unc-6 mutants.
Asterisk indicates ventral-guidance defects
significantly greater than in unc-6 single mu-
tants.
(D) Loss of mig-10 function enhances PVM
ventral-guidance defects in slt-1 and unc-6
mutants. Single asterisk indicates ventral-
guidance defects significantly greater than
in unc-6 single mutants. Double asterisk indi-
cates ventral-guidance defects significantly
greater than in slt-1 single mutants.
For all experiments, three groups (50 ani-
mals/group) were observed for each geno-
type. Error bars indicate SEM. Data were an-
alyzed by ANOVA and Tukey HSD test (p <
0.001 for all significant differences).bind to UNC-34. We found that GST fused to the N-ter-
minal 118 amino acids of MIG-10A (GST::MIG-10A-N),
which contains the putative EVH1 binding site, can
bind a protein that is in wild-type embryonic lysates
and is recognized by antibodies to UNC-34 (Figure 4C).
This protein was not detected in binding assays with
lysates from a strain that is homozygous for the unc-
34(gm104) mutation, an early stop codon that is re-
ported to result in a protein null [12].
Ena/VASP proteins can regulate cell morphology by
stimulating actin polymerization at the leading edge of
lamellipodia and filopodia in cultured cells [13]. The in-
teraction of MIG-10 with UNC-34/Ena and its homology
to vertebrate lamellipodin and RIAM-1/PREL1 [13–15]
led us to examine the effect of MIG-10 on cell morphol-
ogy. We transfected HEK293 cells with plasmids encod-
ing either GFP or a GFP::MIG-10 fusion protein. Cells
transfected with GFP exhibited a round morphology
with only small regions of lamellipodia, which covered
an average of 11.5% (61.28%, n = 100) of the cell periph-
ery. (Figures 5A and 5B). By contrast, transfection with
GFP::MIG-10 resulted in a spread morphology with ex-
tensive lamellipodia, which covered an average of
80.4% (62.3%, n = 100) of the cell periphery. (Figures
5C and 5D). The ability of MIG-10 overexpression to pro-
mote lamellipodial formation is similar to the effect pro-
duced by RIAM overexpression [14]. In addition, we
found that GFP::MIG-10 colocalizes with F-actin in
a dense branched pattern at the peripheral regions of
the lamellipodia (Figures 5E–5J).Discussion
The genetic data indicate that MIG-10 functions down-
stream of both UNC-6 and SLT-1 guidance cues to
help direct the AVM and PVM ventral axon migrations.
We also show that overexpression of MIG-10 can
stimulate multipolar axon outgrowth in the absence
of UNC-6 and SLT-1, indicating that MIG-10 has an
outgrowth-promoting activity. The presence of either
UNC-6 or SLT-1 transforms the MIG-10-overexpressing
neurons from multipolar to monopolar, with a single
ventrally directed axon (Figure 6A). The ventral guidance
response to either cue is enhanced by MIG-10 overex-
pression (Figure 6B).
Although transgene expression using heterologous
promoters can sometimes cause misleading results,
several lines of evidence suggest that the multipolar phe-
notype is due to the overexpression of MIG-10A rather
than being associated with the use of the mec-4 pro-
moter sequence. We have obtained similar results with
a mec-3::mig10a transgene, which is also expressed in
the AVM and PVM neurons (see Supplemental Data). Fur-
thermore, the multipolar phenotype was never observed
in animals carrying a mec-4::gfp transgene. Finally, we
note that the mec-3::mig10a and mec-4::mig10a trans-
genes rarely cause the multipolar phenotype in the pres-
ence of UNC-6 or SLT-1. Thus, the multipolar phenotype
is dependent on the manipulation of the unc-6 and slt-1
genes, an observation that is consistent with the genetic
interactions observed betweenmig-10andunc-6orslt-1.
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and unc-34
(A) Loss of a single copy of mig-10 enhances AVM ventral-guidance
defects in unc-34 homozygous mutants. Error bars indicate SEM.
(B) Loss of a single copy of mig-10 enhances PVM ventral-guidance
defects in unc-34 homozygous mutants. Two groups (w50 animals/
group) were analyzed for each genotype. Error bars indicate SEM.
Asterisks indicate ventral-guidance defects significantly more prev-
alent than in unc-34 single mutants (chi-square test, p < 0.05).
(C) Biochemical interaction between MIG-10 and UNC-34. Rabbit
polyclonal antibodies to UNC-34 recognize a protein that is approx-
imately 60 KD in wild-type lysates and is depleted in lysates fromunc-
34(gm104)mutants. A GST::MIG-10A protein fusion with the N-termi-
nal 118 amino acids of MIG-10A (MIG-10A-N) binds the 60 KD
UNC-34 band in wild-type lysates but not in unc-34(gm104) lysates.
Lanes 1 and 2 contain 5% of the starting material (SM) relative to
lanes 3 and 4. Lanes 5 and 6 show that GST beads cultured with wild-
type and unc-34(gm104) lysates do not bind the 60 KD UNC-34 band.The MIG-10-dependent outgrowth in the absence of
UNC-6 and SLT-1 allowed us to observe the effect of at-
tractive and repulsive guidance cues on an outgrowth
activity. In principle, the presence of a guidance cue
could have caused several different phenotypes as dia-
grammed in Figure 7. For example, SLT-1 might have in-
hibited outgrowth without increasing a bias for ventral
outgrowth. UNC-6 attraction might have had an additive
effect, stimulating even more outgrowths. Each of the
possible results could suggest different modes through
which MIG-10 outgrowth activity might be coordinated
across the neuron to produce a directional response to
the guidance cue. In fact, the suppression of the multi-
polar phenotype and the enhancement of the ventral
guidance suggest that the additional MIG-10 outgrowth
activity, which was responsible for the additional dorsal
and lateral processes in the slt-1, unc-6 double mutants,
becomes ventrally oriented by UNC-6 or SLT-1 expres-
sion. Because of this observation, we have used ‘‘orient’’
to describe the effect that UNC-6 and SLT-1 has on the
MIG-10 outgrowth activity.
We propose that UNC-6 and SLT-1 can regulate the
direction of axon outgrowth by affecting neuronal polar-
ity. This in turn polarizes the MIG-10 activity to one side
of the neuron. This direct effect on neuronal polarity by
UNC-6 and SLT-1 may not have been observed in the
past because neuronal polarity is likely to be regulated
by several redundant mechanisms. Thus, loss of SLT-1
and UNC-6 would not be sufficient to induce obvious de-
fects in polarity. However, overexpression of MIG-10
may accentuate the effects UNC-6 and SLT-1 have on
neuronal polarity. In our model, polarity induced by the
guidance cues orients the direction of MIG-10 activity
(Figure 7). In the case of the AVM and PVM neurons,
both UNC-6 and SLT-1 would lead to a polarization of
MIG-10 activity to the ventral side of the neuron. The
ventral concentration of MIG-10 activity might increase
actin polymerization via proteins such as UNC-34 and
cause directed outgrowth.
Attractive and repulsive cues are sometimes thought
to have opposite effects mediated through the promo-
tion and inhibition of the axon outgrowth machinery.
This has suggested that independent signaling path-
ways mediate attractive and repulsive signals to stimu-
late growth toward the source of the attractive cue and
to inhibit growth toward the source of the repulsive
cue. In contrast, the polarization model suggests that at-
tractive and repulsive cues have a common effect, po-
larizing an outgrowth-promoting activity. From our
MIG-10-overexpression experiments, both the attrac-
tive UNC-6 cue and the repulsive SLT-1 cue cause the
same effect, ventrally orienting the MIG-10 outgrowth
activity (Figure 7). Consistent with this convergence,
we observed a synergistic genetic interaction between
unc-6 and slt-1 in PVM ventral guidance. In unc-6 null
mutants there are about 34% PVM defects, and in slt-1
null mutants there are 0.8%. However, unc-6; slt-1 dou-
ble null mutants have 95% defects. The AVM results are
also consistent with a synergistic relationship, although
the conditions might be such that the effects of UNC-6
and SLT-1 on AVM are nearly equal.
Several recent studies of axon guidance have focused
on identifying intracellular signaling components that
function with guidance cues and receptors to mediate
Current Biology
850Figure 5. GFP::MIG-10A Colocalizes with Ac-
tin and Induces Formation of Lamellipodia in
HEK293 Cells
(A) DIC image of HEK293 cells transfected
with GFP. These cells have a round morphol-
ogy with only limited amounts of lamellipodia.
(B) Enlargement of boxed region in (A).
(C) DIC image of HEK293 cells transfected
with GFP::MIG-10A. These cells have a spread
morphology with extensive lamellipodia.
(D) Enlargement of boxed region in (C).
(E and F) Localization of GFP::MIG-10A.
(G and H) Localization of actin visualized by
staining with Alexa 594-Phalloidin.
(I and J) Merged image of GFP::MIG-10 and
actin staining. Scale bars represent 10 mM.attractionandrepulsion.Thesestudieshaveraisedques-
tions concerning the relationship between outgrowth
and guidance through attractive and repulsive re-
sponses to a guidance cue. Many intracellular proteins
have been implicated in both attraction to UNC-6/netrin
and repulsion from SLT-1/Slit, including UNC-34/
enabled,Abl,Nck,andRac [10,11,16–18]. The roleofRac
in repulsion appears especially contradictory because
Rac has a well-defined role in promoting actin polymeri-
zation and axon outgrowth [19]. Furthermore, stimulation
with either UNC-6/Netrin or SLT-1/Slit results in the acti-
vation of Rac [17, 18]. Consistent with these observa-
tions, gradients of either UNC-6/Netrin or SLT-1/Slit can
enhance the rate of neurite outgrowth [20]. The data pre-
sented in this study provide a potential solution to these
contradictions by suggesting that attraction and repul-
sion can be mediated by a common outgrowth-promot-
ing activity that is oriented by the guidance cues.
Our model predicts that MIG-10 activity is involved in
the process of polarized axon growth. Although it is dif-
ficult to directly measure whether MIG-10 activity is po-
larized in C. elegans neurons, we have demonstrated
that MIG-10 can induce lamellipodia in cultured cells.
The asymmetric formation of lamellipodia has been im-
plicated as an initial step toward polarized axon growth
[21]. Our observations are also consistent with those de-
scribed for two vertebrate MIG-10 orthologs, RIAM and
lamellipodin. Overexpression of RIAM induces cell
spreading and lamellipodia formation, and overexpres-
sion of lamellipodin has been shown to increase thevelocity of actin-based protrusive activity in fibroblasts
[13, 14]. RIAM interacts with Rap1, Ena/vasp proteins,
and profilin [14]. Lamellipodin is localized to the tips of
filopodia in fibroblasts and neuronal growth cones and
can interact with Ena/vasp proteins [13]. Interestingly,
lamellipodin can interact with PI(3,4) phosphoinostide
[13], a molecule that is asymmetrically localized in re-
sponse to chemotactic cues in several types of cells
[22–24]. The ability of lamellipodin to interact with an
asymmetrically localized molecule suggests a potential
mechanism that could mediate the polarization of
MIG-10 activity in response to guidance cues.
Conclusions
Our results provide evidence that attractive and repul-
sive guidance cues can orient an axon outgrowth activ-
ity that is mediated by MIG-10. We have also implicated
an interaction between MIG-10 and UNC-34 in the regu-
lation of guidance and have demonstrated colocaliza-
tion between MIG-10 and actin. Together, these obser-
vations suggest a potential role for MIG-10 in the
regulation of actin-filament extension in response to
guidance cues. Future studies will seek to further define
the mechanisms by which guidance cues influence the
polarity of MIG-10-dependent axon outgrowth activity.
Experimental Procedures
Strains
All strains were constructed with the N2 Bristol genetic background.
Animals were maintained at 20ºC on NGM plates seeded with OP50
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851bacteria. Strains constructed for this study were as follows: RY86
mpEx12, RY24 mpIs1, IM624 urEx276, IM650 unc-6(ev400); zdIs5,
IM647 slt-1(eh15); zdIs5, IM649 unc-6(ev400) slt-1 (eh15); zdIs5,
IM652 mig-10(ct41); zdIs5, IM679 mig-10(ct41); unc-6(ev400);
zdIs5, IM651 mig-10(ct41); slt-1(eh15); zdIs5, IM675 unc-6(ev400);
mpEx12, IM676 slt-1(eh15); mpEx12, IM672 unc-6(ev400); urEx305,
IM673 slt-1(eh15); urEx305, IM674 unc-6(ev400) slt-1(eh15);
urEx305, IM677 unc-6(ev400); urEx308, IM678 slt-1(eh15); urEx308,
IM669 urEx305, IM681 unc-34(e566); zdIs5, and IM625 mig-
10(ct41) rhIs4/+; unc-34(e566); zdIs5.
DNA Constructs
The following DNA constructs were created for this study:
pDR98 encodes mig-10b::gfp and was made by using PCR to am-
plify approximately 4 kb upstream of the mig-10b transcript includ-
ing a 42 bp portion of coding sequence beginning in exon 1b. PCR
primers were designed to include restriction sites, with a PstI site
on the upstream primer (CGCCTGCAGTCTTATTCCCCCATTTTC
GTCC), and a BamHI site on the downstream primer (CGCGGATC
CCTCATATTGCCTGAAACCGGTC). Amplified product was di-
gested with PstI and BamHI and cloned into pPD95.77, a promoter-
less GFP vector.
pES01 encodes mec-3::mig-10a and was made by removing the
mig-10a cDNA from pIM209 by using KpnI and NheI and cloning
the fragment into the same sites in pPD57.56, which contains the
mec-3 promoter. Because pPD57.56 contains two KpnI sites, a par-
tial KpnI digest was performed. The 5 kb fragment resulting from
a single cut was purified and digested with NheI.
Figure 6. Summary of Neuronal Morphology in Different Genetic
Backgrounds
(A) Table summarizing neuronal polarity observed in different ge-
netic backgrounds. Overexpression of MIG-10 causes a multipolar
phenotype with undirected processes, but the presence of either
the UNC-6 or SLT-1 guidance cue causes a monopolar phenotype.
(B) Table summarizing ventral-guidance defects in different genetic
backgrounds. Ventral guidance is enhanced by MIG-10 overexpres-
sion in the slt-1(2); unc-6(+) and slt-1(+); unc-6(2) backgrounds.
Percentages are given for the AVM phenotypes (Figure 2). The rela-
tive positions of the source of UNC-6 and SLT-1 are indicated by
boxes below and above the neuron drawings, respectively. A filled
box represents the presence of the cue.pIM206 encodes mig-10a::gfp and was made by amplifying a
3.9 kb fragment upstream of the first exon of MIG-10A with the
primers fwd:GCCTGCAGTCCCTCATTTCTATCCAACCTC and rev:
GCGTCGACGTGGTCTGGCTCGAATCTG. The PCR fragment was
T/A cloned into the pcDNA3.1V5/His-TOPO vector, and a clone with
the forward orientation was selected. From this clone, a HindIII, Sal1
fragment was transferred into the same sites in pPD95.75, a promo-
terless GFP vector.
pIM207 encodes mec-4::mig-10a and was made by amplifying the
mec-4 promoter sequence with the primers fwd:GCACAACTGCAG
CAATACAAGCTCAAATAC and rev:GCAACTCTATAACTTGATAGCG.
The PCR product was digested with Pst1 and cloned into the Pst1
and Sma1 sites of pIM211, thus replacing the mec-7 promoter.
pIM208 encodes dpy-7::mig-10a and was made by amplifying the
dpy-7 promoter with the primers fwd:GCACAACTGCAGACATTC
CTTTTTCGCATG and rev:GCAATTATCTGGAACAAAATGT. The
PCR product was digested with Pst1 and cloned into the Pst1 and
Sma1 sites of pIM211, thus replacing the mec-7 promoter.
pIM209 contains the mig-10a cDNA with a myc tag added to the 30
end and was made by amplifying the mig-10a cDNA with the primers
fwd:GCATGCTAGCCGTCTGTCACCATGGACAC and rev:GCGGTA
CCCTAAAGATCTTCTTCAGAAATAAGCTTTTCTTCACACTCCATGG
TTGCCAT. The PCR product was cloned by TOPO T/A method into
the PCRII-TOPO vector and is in the reverse orientation.
pIM211 is mec-7::mig-10a and was made by removing the mig-
10a cDNA from pIM209 by using KpnI and NheI and cloning the frag-
ment into the same sites in pPD52.102.
pIM212 encodes GST::MIG-10A (1–118) and was made by ampli-
fying a portion of the mig-10a cDNA with the primers fwd:GCACTT
GAATTCCCATGGACACTTACGACTTC and rev:GCACTTCTCGAGTT
CTGATAACCCAAATGA. The PCR product was digested with EcoRI
and XhoI and cloned into the same sites in the pGEX-6P2 vector.
Transgenes
Extrachromasomal transgenes were created by injecting DNA into
the ovaries of N2 hermaphrodites [25]. For each extrachromasomal
transgene, three or more independent lines were established. In
each case, these independent lines had similar phenotypes, and
one was selected for further analysis. The following DNA was used
to create each extrachromasomal transgene: for urEx305, 80 mg/ml
of mec-4::mig-10a and 100 mg/ml of flp-20::gfp; for mpEx12, 40
mg/ml of mec-3::mig-10 and 100 mg/ml of flp-20::gfp; for urEx308,
80 mg/ml of dpy-7::mig-10a and 100 mg/ml of flp-20::gfp; and for
urEx276, 40 mg/ml of mig-10a::gfp and 100 mg/ml of rol-6(su1006).
An integrated transgene, mpIs1, was created by injection of dpy-
20(e1282ts) animals with 100 mg/ml dpy-20(+) DNA and 50 mg/ml of
mig-10b::gfp. One of two similar resulting extrachromosomal array
Figure 7. Summary of Possible Effects that Could Have Been
Caused by the Attractive UNC-6 or Repulsive SLT-1 Guidance
Cues on Neurons Overexpressing MIG-10
Because our results indicate that the neurons become monopolar
and that guidance is enhanced, we refer to the MIG-10 outgrowth-
promoting activity as being ‘‘oriented’’ by the guidance cues in our
model.
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852strains (mpEx2) was integrated. One hundred L4 dpy-20(e1282ts);
mpEx2 animals were irradiated with a g source (4000 Rads). The
next day, animals were distributed five/plate and grown for 1 week
at 25ºC. A sample from each starved plate was replated and allowed
to grow 1–2 days. Twenty non-Dpy animals from each plate were
picked and plated singly. Five plates containing no more than one
Dpy worm were putative integrants; one of these, mpIs1, was
a true integrant. This line was backcrossed four times before analy-
sis of the expression pattern was performed.
GST Binding Assay
GST binding assay was performed as previously described [26]. In
brief, cDNA encoding amino acids 1–118 of MIG-10A was cloned
into a pGEX vector to create an N-terminal GST fusion protein and
expressed in BL21(DE3) cells. 10 ml of GST beads representing ap-
proximately 5 mg of MIG-10A-N protein were incubated with 500 mg
of embryonic C. elegans lysates prepared as previously described
[27]. GST beads were washed in 0.1% Triton and boiled, and one-
fourth of the binding assay was run on 10% Invitrogen Bis-Tris
gels. Affinity-purified rabbit polyclonal antibodies to UNC-34 were
used at 1:100 dilution.
Cell Culture and Immunofluorescence
HEK293 cells were grown in DMEM with 10% FBS. Fugene 6 was
used to transfect cells with a plasmid encoding a fusion between
EGFP and MIG-10A. Twenty-four hours after transfection, the cells
were trypsinized and replated on glass coverslips coated with
100 mg/ml of poly-l-lysine. After 24 hr, the cells were fixed and pro-
cessed for immunofluorescence as previously described [26].
Analysis of Phenotypes
For phenotype analysis, animals were mounted on a 5% agarose
pad and observed with a 633 objective. For ventral guidance, an
axon was scored as defective if it failed to reach the ventral cord.
For analysis of multipolarity, a neuron was scored as multipolar if
more than one process grew out of the cell body. In order to be
counted, a process had to be at least as long as the width of the
cell body. For photomicrography, animals were mounted on a 5%
agarose pad and anesthetized with 20 mM levamasole, and images
were collected with a CARV confocal microscope.
Supplemental Data
Supplemental Data include three figures and are available with this
article online at: http://www.current-biology.com/cgi/content/full/
16/9/845/DC1/.
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